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INTRODUCTION

ICMEs and Magnetic Flux Ropes
Coronal mass ejections (CMEs) are the most energetic of solar transient events and merit continued observation and study because of their impact as drivers of space weather. When CMEs appear near solar central meridian, they are usually detected within several days as interplanetary CMEs (ICMEs) at 1 AU that may be identified based on a number of characteristic particle and magnetic field signatures (Zurbuchen & Richardson 2006 , and references therein). About one quarter of the ICMEs, termed "magnetic clouds" (MCs) (Klein & Burlaga 1982) , show a characteristic signature of a smoothly rotating, enhanced low-β magnetic field (Cane & Richardson 2003) . MCs have been extensively modeled as magnetic flux ropes, beginning with a locally symmetric force-free field approximation fitted by a Lundquist solution that yields a toroidal solution with field lines of increasing pitch angle, or twist, from the MC axis to the boundary (e.g., Lepping et al. 1990) . Recent modeling has used more complex assumptions about flux-rope geometries and plasma pressure to fit in situ MC observations from multiple spacecraft (Liu et al. 2008a (Liu et al. , 2008b Nakagawa & Matsuoka 2010) and appears to confirm the basic assumed structure. CME structures resembling flux ropes are often seen in coronagraph observations (e.g., Wang & Sheeley 2006) , and recent detailed studies of CME trajectories and associated flare timescales have provided support for an erupting flux-rope model (Temmer et al. 2010; . Recent complementary studies of STEREO coronagraph observations of prominent CMEs and their counterpart ICMEs at 1 AU provide strong confirmation of the fundamental CME/ICME flux-rope structure (Liu et al. 2008a (Liu et al. , 2008b Kilpua et al. 2009; Davis et al. 2009; Möstl et al. 2009a Möstl et al. , 2009b Wood & Howard 2009; Lynch et al. 2010; Wood et al. 2010; Byrne et al. 2010; .
When a preceding CME can be associated with an MC, the MC magnetic flux inferred from a model fit may be compared with the magnetic flux of the CME solar source region. Leamon et al. (2004) found the MC magnetic flux to be comparable to and proportional to that of the associated active region (AR) for 12 MCs. However, the total field twists of the MCs were about an order of magnitude greater than those of the ARs. Qiu et al. (2007) did a more direct comparison of the magnetic fluxes of nine modeled MCs with the total reconnection fluxes measured in their associated solar flare ribbons. They found the MC poloidal flux to be comparable to the flare reconnection flux and the toroidal (axial) MC flux to be a fraction of the reconnection flux. The further finding that the magnetic flux of the solar dimming region is comparable to the MC toroidal flux satisfies the idea that the dimming regions are the footpoints of the flux ropes forming the MCs. These MC models and solar observations provide a compelling view of the origin and transport of magnetic flux from solar eruptive events to 1 AU, at least for the MCs.
Nevertheless, several basic questions about ICMEs remain open. Pitch-angle distributions of solar wind heat-flux electrons indicate that some regions within MCs maintain magnetic connectivity back to the corona at both footpoints of the flux rope, but the detailed MC field-line coronal connections and their evolution in time remain unclear (Attrill et al. 2008) . A fundamental question is why MC flux-rope structures are found in only one quarter of all ICMEs (Moldwin et al. 2009 ) if indeed all CMEs originate as flux ropes at the Sun (Krall 2007) . The small fraction of MCs detected in ICMEs might be partially due to a selection effect against MC encounters at large closest approach distances, i.e., the closest distance between the observer and the cloud's axis (Lepping & Wu 2010) .
The questions of ICME structure and coronal connectivity are matters of magnetic field geometry and topology, respectively, that are difficult to address observationally even with the combined solar/interplanetary imaging and in situ field measurements at 1 AU discussed above (Jacobs et al. 2009 ). One possibility for probing remote ICME field geometry is by observing the Faraday rotation (FR) of microwave emission from sources occulted by an ICME. Recent MC modeling of several FR structures observed with carrier signals from the Pioneer and Helios spacecraft (Liu et al. 2007; Jensen & Russell 2008) suggests that a sky mapping of FR from galactic sources could provide important details of ICME magnetic structures. The FR technique has significant limitations, however, as discussed by Broderick & Blandford (2010) .
Energetic Particle Events as Probes of ICME Topology
Energetic particles, in particular, fast (v 0.1 AU hr −1 ) electrons, have thus far proved to be the best means of probing the magnetic structures of MCs because their small gyroradii ( 10 2 km in a 10 nT field) confine them to propagate closely following the field lines. Solar wind heat-flux electrons have been widely used as a tool to probe magnetic structures of the solar wind (e.g., Crooker & Pagel 2008) and of MCs . In a pioneering work, Larson et al. (1997) used E ∼ 200 eV heat-flux electron pitch-angle distributions and E 30 keV solar-electron event onsets observed inside an MC on 1995 October 18 and 19 to set limits on the solar magnetic connection and field-line lengths, respectively. Inferred fieldline lengths provide a fundamental test of MC flux-rope models, and the 3 AU length found for a solar-electron event detected near the boundary of the 1995 October MC provided strong support for such models. However, that observation remained the unique event available for comparison with various MC flux-rope models (Leamon et al. 2004; Dasso et al. 2006; Qiu et al. 2007; Yamamoto et al. 2010 ) until Kahler et al. (2011 applied the method to eight MCs by using E 30 keV electron observations from the 3DP instrument on the Wind spacecraft. They found poor correlations between the inferred electron path lengths Le and the field-line lengths calculated for two MC models. The only electron path length Le > 3.2 AU in their survey was the same as that found with the same 3DP electron data by Larson et al. (1997) for the 1995 October MC. The electron path lengths of that event matched well their model MC field-line lengths. However, the MC model path lengths away from the MC boundaries are generally only slightly longer than an assumed spiral field-line length of 1.2 AU and hence not a good test of the models. The model tests must be done in the peripheral regions near the MC boundaries (Kahler et al. 2011) , where the field-line twists and lengths are greatest.
In this work, we check and extend the result of Kahler et al. (2011) by analyzing another set of E > 30 keV solar-electron path lengths, this time in ICMEs not all of which are MCs. The data selection and analysis are described in Section 2. The distributions of the calculated near-relativistic (NR) electron path lengths Le within and outside ICMEs are presented in Sections 3.1 and 3.2. In Section 3.3, we compare values of Le with their electron event types and with calculated turbulent field-line lengthening. To look for restructuring of the ICME field lines, the solar sources of the NR electron events are compared with the sources of their ICMEs in Section 3.4. The implications of the results for ICME field-line lengths and coronal restructuring are discussed in Section 4 and summarized in Section 5.
DATA ANALYSIS
EPAM Beamed Electron Events
The basic data set used here is the list of beamed E > 38 keV electron events observed with the Electron Proton and Alpha Monitor (EPAM) on the Advanced Composition Explorer (ACE) spacecraft. That instrument observes electrons in four energy channels spanning the nominal energy range 38 keV < E < 315 keV with three detector telescopes (Gold et al. 1998) . Of the observed solar-electron events about onethird with unambiguous onsets, velocity dispersion, and fieldaligned (beam-like) angular distributions Haggerty et al. 2003) are selected for analysis. The onset time of each event is when the electron intensity is first observed rising above the pre-event intensity of the highest observed energy channel , which is not affected by electron scattering in the detector (Haggerty & Roelof 2006a ). This criterion excludes events observed only in the lowest energy channel. A cumulative timing error of ∼1 minute year −1 in the EPAM data has been corrected (Simnett 2007 ). Here we use the subset of 204 beamed electron events observed from launch in 1997 through the end of 2005 (Haggerty & Roelof 2009) .
Nearly every beamed electron event is temporally associated with a decametric (2-14 MHz) type III radio burst observed with the WAVES detector (Bougeret et al. 1995) on the Wind spacecraft. Only 8 of the 204 events had no associated type III burst at either 2 or 14 MHz, and one was observed at only 2 MHz, leaving 195 events for analysis. Since the nominal 1.2 AU electron travel times range only from ∼21 to 14 minutes for the mean energies of the second to the fourth EPAM energy channels, the type III burst association is rarely ambiguous, as shown in Figure 1 for two events. The timing fiducials for each event are the onset of the 14 MHz type III burst and the electron onset of the highest observed EPAM energy channel.
Basic Assumptions of Electron Transport
When the energetic electrons are assumed to travel a nominal distance of 1.2 AU scatter free along the Parker spiral magnetic field lines, the solar injection times can be deduced. Considerable work has been done to compare the EPAM electron onset times with the times of solar flares and CMEs to understand the conditions of electron acceleration and injection. A consistent result, observed with both the EPAM (e.g., Maia (Klein et al. 2005) , has been that while in some events E > 40 keV electron injections occur simultaneously with metric/decametric type III bursts, most inferred injections are delayed by up to ∼30 minutes from the type III bursts (Nindos et al. 2008) . Furthermore, with 3DP observations Klein et al. (2005) found that 30 of 40 delayed injections were accompanied by metric radio bursts. However, Kahler et al. (2007) found no single radio signature to be characteristic of the inferred electron injection times of 80 3DP electron events. Two possible interpretations of the delayed injections are that the electrons are accelerated after the type III bursts in CME-driven shocks (Simnett et al. 2002) or in coronal magnetic reconnection regions (Maia & Pick 2004; Klein et al. 2005) . To complete the picture, it is further assumed that electrons injected in the type III bursts are usually confined to E 10 keV Haggerty & Roelof 2006b ) and that type III bursts do not accompany the delayed E > 40 keV electron injections. An alternative interpretation of the delayed injections is that all the electrons are initially injected during the accompanying type III bursts, but the 1 AU arrival times are delayed due to interplanetary scattering (Cane 2003) . Another alternative is that the assumption of a 1.2 AU travel distance is invalid because solar wind turbulence extends the field-line lengths by factors of ∼1.3-1.6 (Ragot 2006; Ragot & Kahler 2008; Kahler et al. 2011) .
In this analysis, we assume that the initial solar injections of the E > 40 keV electrons coincide with the decametric type III burst onsets and that the propagation times to 1 AU are due to scatter-free electron propagation along variable field-line path lengths. From the known speeds of the first arriving beamed electrons we can deduce the total lengths of the field lines followed by the electrons, as was done by Larson et al. (1997) and Kahler et al. (2011) . This is a reversal of the assumption in the earlier cited studies that the path length was known (1.2 AU) and that the electron speed could be used to deduce the event injection time. If the injections are in fact delayed beyond the type III burst times, then our technique returns upper bounds on the electron path lengths, which, because of the small electron gyroradii ( 100 km in a 10 nT field), are equivalent to the field-line lengths. We use the technique to determine the lengths of field lines in and around ICMEs, some of which may be considerably longer than 1.2 AU (Kahler et al. 2011) . The terms electron path lengths (Le) and field-line lengths will hereafter be used interchangeably.
RESULTS
The Calculated Electron Path Lengths Le Inside and in the Vicinity of ICMEs
For all 195 electron events, we calculated the electron path lengths Le for the first arriving electrons assuming (1) solar injections 8.33 minutes before the observed 14 MHz type III burst onsets and (2) 1 AU electron travel speeds corresponding to the mean energy of the highest observed EPAM energy channel (0.0585 AU minute −1 for channel 2, 0.0734 AU minute −1 for channel 3, and 0.0876 AU minute −1 for channel 4). Figure 2 shows a plot of all 195 Le values. The mean and median Le are 1.79 and 1.69 AU, respectively, for all events; Le > 2.7 AU for only four events. The sample number, mean value, standard deviation, and median value of each Le distribution group are given in Table 2 .
We compared the 195 EPAM electron onsets with the times of near-Earth ICMEs in the catalog of Richardson & Cane (2010) , which were selected on the basis of solar wind composition and charge states as well as other solar wind plasma and magnetic field parameters. Each ICME was assigned to one of the following three classes based on how closely its magnetic Normalized position relative to ICME interval. Position <0 precedes the ICME; position >1 follows the ICME.
structure matched the classical MC definition (Klein & Burlaga 1982) : class 0, no magnetic features of an MC; class 1, evidence of a rotation in the magnetic field direction, but overall no magnetic signature of an MC; and class 2, including an MC. The boundaries of ICMEs of class 2 often extended beyond the included MCs, so the MC intervals were also noted. We found 6 EPAM events in class 0 ICMEs (no MC-like fields), 7 in class 1 (evidence of a field rotation), and 11 in class 2 (containing an MC). Those 24 EPAM events are listed in in the same ICME, so the total number of different ICMEs is 20. The fraction of electron events occurring inside ICME intervals is 24/204 = 0.118, very close to the 0.114 fraction of the total 1997-2005 era consisting of the ICME periods and consistent with a random distribution of electron events with respect to the ICME periods. Magnetic field lines surrounding an ICME may have been extended by draping (McComas et al. 1989; Odstrcil & Pizzo 1999; Jones et al. 2002; Owens & Cargill 2004 ), so we also included all electron events with onsets 12 hr from an ICME boundary, which added another 16 events to Figure 3 . The mean (median) value of Le is 1.72 (1.68) AU for the ICME events. The mean (median) is 1.80 (1.70) AU for the distribution of the 155 non-ICME events shown in Figure 4 . The non-ICME event standard deviation of 0.43 AU is only slightly larger than the 0.37 AU value of the 40 ICMEs. The Le distributions of Figures 3 and 4 therefore show no significant differences. 
Superposed Epoch Analysis of Electron Path Lengths Le in the Vicinity of ICMEs
For each event of Table 1 we calculated the electron onset time relative to a normalized unit ICME interval based on the ICME boundaries of Richardson & Cane (2010) . The fifth column of Table 1 gives the normalized times, for which the electron events preceding or following the ICME intervals are indicated with values <0 and >1.0, respectively. The superposed epoch plot of the 40 ICME Le values is presented in Figure 5 . Events within the three classes of ICMEs are denoted separately and the 16 additional electron events outside the ICME interval are also included. The mean and median Le for each ICME class is: class 0, 1.75 and 1.82 AU; class 1, 1.73 and 1.73 AU; and class 2, 1.70 and 1.57 AU. Thus, we find no obvious difference among the three classes or between the 16 events outside the ICME boundaries and the 24 events inside. There is also no Figure 5 ) normalized to the boundaries of the MCs, which may lie within the ICME intervals. The 10 events occurring within the normalized MC time intervals of −0.6 to 1.4 are shown in Figure 6 . There are only six electron events inside and four outside the normalized MC boundaries, but again the boundaries do not order the values of Le. In general, we find no distinction of Le between ICMEs of any class and non-ICMEs.
Electron Event Types and Le
Haggerty & Roelof (2009) have classified the EPAM NR electron events in three categories defined by their intensity-time decay profiles: spikes, pulses, and ramps. They concluded that events in the first two categories are due to low-coronal explosive events while ramps are associated with injections from CME-driven shocks. This implies that our assumption of injections coincident with decametric type III bursts is correct for the spikes and pulses but is likely to imply an injection that is too early for most ramps, which are due to delayed injections from shocks. Thus, the calculated values of Le are likely to be good measures of field-line lengths for spike and pulse events, but only upper limits for ramp events. We have calculated the mean, median, and standard deviations of Le for each type of event, independent of the ICME associations, and obtain (Table 2) : spikes (mean = 1.61, median = 1.52, standard deviation = 0.34 AU for 47 events); pulses (1.66, 1.63, 0.28 AU for 53 events); and ramps (1.94, 1.90, 0.47 AU for 95 events). The statistically larger ramp values of Le are consistent with delayed injections from shocks and also with the inferred longer injection delay times when Le = 1.2 AU is assumed ( Figure  6 (c) of Haggerty & Roelof 2009 ). We would therefore prefer to limit the ICME Le analysis to only the spikes and pulses. However, 14 of the 24 electron events in ICMEs are ramps, so we have included all three event categories in this analysis to optimize the statistics. This should not pose a problem as long as we limit our analysis to comparisons between EPAM electron events inside and outside ICMEs. The range of Le values for the spike and pulse events significantly exceeds the nominal value of ∼1.2 AU for the average quiet spiral field-line length, but those values may serve as good measures of the interplanetary field-line lengths to 1 AU. We can compare the combined spike/pulse Le distribution with a distribution calculated for turbulent field-line lengthening with the technique of Ragot (2006) . Ragot & Kahler (2008) have presented values of the lengthening factors computed from three-dimensional isotropic turbulent spectra. Figure 7 shows that the spike/pulse event and model mean values of 1.64 and 1.50 AU, respectively, are similar. The event standard deviation of 0.31 AU exceeds the model value of 0.06 AU, but the model realizations presented here were restricted to a single solar wind speed of 370 km s −1 and a relatively quiet slow wind turbulent spectrum.
Comparison of Electron and ICME Solar Sources
As another approach to understanding electron propagation in ICMEs, we compare the solar source regions of the ICMEs with those of the electron events of Table 1 observed within the ICMEs. The LASCO CME sources and their associated flare or eruptive event associations were taken from Richardson & Cane (2010) and Gopalswamy et al. (2009a Gopalswamy et al. ( , 2010 . The decametric type III burst times provide good fiducials for the electron events, and we used the LASCO online CME catalog (http://cdaw.gsfc.nasa.gov/CME_list/; Gopalswamy et al. 2009b ) and associated solar event-time plots and Solar-Geophysical Data Reports (ftp://ftp.ngdc.noaa.gov/STP/ SOLAR_DATA/) to determine the associated flare locations. The purpose is to determine whether the two source regions are roughly co-located, as was the case for the ICME and electron events of 1995 October (Larson et al. 1997; Smith et al. 1997) . If an ICME maintains its magnetic connection to the Sun, then we might expect the source of an associated electron event also to lie within the connected region.
Comparing the source ARs identified for the 24 CMEs and electron events inside the ICMEs, we found matching ARs for 13 events, different for 3, and uncertain for 8. We expanded the search to include the 3DP electron events in the eight MCs of Kahler et al. (2011) , and there we found three matching, two different, and three uncertain. Thus, around 50% of electron events observed in ICMEs occurred in or near the parent ARs of the ICMEs, and 16% originated in different ARs. The association is uncertain for 34% of the events. The five cases of different ICME/electron-source ARs are listed in Table 3 . The first five columns give the dates of the electron events, the observing instruments (3DP/Wind or EPAM/ACE), the ICME classes, the ICME source AR numbers, and the times of the LASCO associated CMEs. The last three columns of Table 3 give the NR electron-source AR numbers and the longitude and latitude differences of the two source ARs. The 2005 May 16 electron event occurred in a class 2 ICME, but not inside the MC itself. In all five cases, the ICME and electron-source ARs were in opposite hemispheres, and the longitude separations ranged from 11
• to 37
• in four cases, with a remarkable 88
• separation for the 2001 September 24 event.
DISCUSSION
ICME Magnetic Field-line Lengths
The goal of this work is to extend to all ICMEs the earlier analysis of Kahler et al. (2011) using NR solar energetic electron events as probes of field-line lengths in MCs. The path lengths inferred for the first arriving electrons are assumed to be equal to the lengths of the magnetic field lines traced by the electrons from their coronal sources to the ACE spacecraft. With a set of 195 beamed EPAM events, we have examined 40 electron events detected either inside ICMEs or within 12 hr of ICME intervals. These ICMEs were divided into three magnetic classes, defined by comparison of their characteristics with the classic MC flux rope (Klein & Burlaga 1982) . The 40 inferred Le values were compared with those inferred for the ambient solar wind. We found comparable median values of Le = 1.68 AU for the former and Le = 1.70 AU for the latter. There was no significant difference in Le among the three ICME classes, and there was no ordering of Le relative to the ICME boundaries, which serve as the best tests of the flux-rope models (Kahler et al. 2011) . We were limited to only 10 electron events inside or nearby MCs (Figure 6 ), but their Le values also appeared consistent with those of the electron events outside (Figure 4 ) and inside (Figure 3 ) ICMEs. The mean (median) Le values of 1.70 (1.57) AU for the 16 events in class 2 ICMEs of this study are somewhat lower than the 2.27 (2.00) AU Le values we calculate for the 30 3DP MC electron events of Table 1 of Kahler et al. (2011) . However, the differences are less than a standard deviation (Table 2 ) and may be due to the selection of beamed EPAM electron events, which may be less scattered than the 3DP MC electron events.
Field-line lengths in flux-rope ICMEs are expected to exceed those in the quiet solar wind, but the primary result here is that we find no evidence for that difference. The limitation on fieldline lengths imposes a limit on the number of possible field-line rotations about the flux-rope axis, a basic model parameter. Assuming a flux-rope of axial length X, minor radius R, and a field-line length L in a simple cylindrical flux-rope geometry, we can estimate the number of field-line rotations N from the Sun to 1 AU from
where Φ is the total rotation angle in radians. Then we get
Taking X = 1.35 AU (Kahler et al. 2011) , R/X as ∼0.05-0.3 (Larson et al. 1997; Leamon et al. 2004; Gulisano et al. 2005) , and an upper limit of L = Le = 2.3 AU for the ICMEs (Figure 3 for our upper limit of L = 2.3 AU. These values are based on a simple cylindrical geometry, so they represent only crude approximations to the MC structures. Gulisano et al. (2005) have calculated τ 0 , the axial twist, for 20 MCs with four different flux-rope models. In three of the models the field-line twist is radius dependent, so we can make a direct comparison of our Le values with τ 0 only for the Gold-Hoyle radius-independent model values of their Figure 5 , which lie in the range of ∼10-30 rad AU −1 , in good agreement with our range of ∼3-24 rad AU −1 for our upper limit of Le = 2.3 AU. Since the model twist is distributed mostly in the periphery of the flux rope (Dasso et al. 2006) , we can expect peripheral values of τ to be much higher than the range of 5 rad AU −1 τ 0 15 rad AU −1 shown for their other three models. Leamon et al. (2004) have calculated an average value of τ = 18 rad AU −1 for 12 MCs using the Lundquist model of Lepping et al. (1990) . Those values would exceed our range of 1.9 rad AU −1 τ 11.6 rad AU −1 using the mean value of Le = 1.7 AU which is derived from all ICMEs, not only the MCs. However, our Figure 5 indicates no significant difference of Le among the three ICME classes, so use of τ based on the mean value of Le seems appropriate for the comparison.
To summarize, MC model flux-rope calculations indicate significantly longer path lengths than we infer from EPAM electron events. The lack of a significant difference in path lengths among all ICMEs, the MCs separately, and the ambient solar wind does not support the flux-rope models. However, the small number of ICME and MC events included in this study and the lack of a comparison with specific model calculations as carried out in Kahler et al. (2011) do not allow us to rule out the flux-rope models. Our results may provide support for recent MC models in which the observed field rotations are the result of an acquired writhe of the field (Jacobs et al. 2009; Török et al. 2010 ) rather than twist or in which the axial length over which the twist extends is limited to 1 AU (Yamamoto et al. 2010) .
Electron Event Profiles and Interplanetary Magnetic Field-line Lengths
Our assumption of electron injections during decametric type III bursts allowed us to test and support the conclusion of Haggerty & Roelof (2009) that their ramp electron events, in which the rapid rises of the intensity-time profiles are followed by plateaus, are due to delayed injections at CME-driven shocks. Injections of the spike and pulse electron events, on the other hand, appear consistent with times of decametric type III bursts. The longer average Le of the electron ramp events compared with the combined pulse and spike events (1.94 versus 1.64 AU) supports the contention of Haggerty & Roelof (2009) that the ramp events are due to injection from CME-driven shocks.
The assumed injection times of the spike and pulse events during decametric type III bursts also allowed us to compare the values of Le inferred for those events with the distribution of interplanetary field-line lengths calculated with a radially dependent quiet solar wind turbulent spectrum using the method of Ragot (2006) . The average field-line lengths are similar in each case (Figure 7 ). The width of the distribution for the electron events exceeded that of the turbulent model by a factor of ∼5, but the narrow width of the latter is due to the use of a single relatively quiet turbulent spectrum and a solar wind speed fixed at 370 km s −1 . Assuming a more representative range of solar wind speeds would somewhat broaden the distribution, but the large dynamic range of the observed turbulent spectral amplitudes is the dominant driver that would produce a broader distribution and shift the peak value to larger path lengths, more in agreement with those of the NR electron events.
Electron-source Regions and Coronal Restructuring
If ICMEs maintain a magnetic connection close to their solar source ARs, we would expect that electrons observed in those ICMEs would have been injected from the same ARs. This is the case for at least half of the ICMEs of this study, but we found five examples (Table 3) in which the injection ARs were different from the ICME source ARs, separated typically by several tens of degrees. This suggests that electrons can access ICMEs from locations well outside the source region of the ICME. One possible scenario is that the electrons were injected from shocks spanning large angular distances in the corona that encounter ICME field lines. If so, we would expect the three EPAM events of Table 3 to be ramps, consistent with a shock origin (Haggerty & Roelof 2009 ). However, only the 2001 September 24 event was a ramp, while the 1998 September 25 and 2005 May 16 events were spikes. This suggests that shock acceleration is unlikely to explain how electrons associated with an event in one AR are able to access a magnetically closed MC or an ICME originating from a different AR. Comparisons of flare source locations with potential field source surface maps of the solar magnetic field show that electron injections can populate open fields above ARs extending over tens of degrees in longitude . However, the electrons appear to be restricted to AR field lines (Rust et al. 2008 ) and so are unlikely to populate field lines in ICMEs from other ARs.
Another possibility is that the ICME magnetic connections to the Sun undergo a dispersal away from the ICME source AR (Attrill et al. 2008) . The solar signature of magnetically opened fields is the coronal dimming, observed best in the EUV and usually characterized by a dark core region and more diffuse spatially extended regions ). Studies of major flare-CME events have shown dimmings in extensive loop systems that range over more than 100
• in longitude and latitude and connect multiple ARs including transequatorial loops (Grechnev et al. 2005; Zhang et al. 2007 ). Recent observations of coronal dimmings and associated brightenings have shown a CME open-field footprint to extend up to 1 R for an isolated AR ).
The original ICME fields can reconnect laterally by a stepping reconnection with loop fields of opposite polarities or by reconnection with overlying loops described by the breakout model (Cohen et al. 2010 ). Simulations by Gibson & Fan (2008) and Jacobs et al. (2009) show how a writhing erupting flux rope first reconnects with external fields to form new connectivity with one footpoint in the AR bipole and one in the external fields, followed by a further reconnection at a central current sheet that produces a flux rope with both footpoints outside the original AR bipole, which may initially show the darkest dimming. While the numerical simulations have shown good evidence of coronal magnetic reconnection in CMEs (Cohen et al. 2009 (Cohen et al. , 2010 , the dimmings recover as loops reform , and it is not obvious how the original ICME magnetic connections to the corona are changed. We take our five cases of different ICME-electron-source ARs as additional supporting evidence for significant reconnection of ICME fields with distant coronal fields following the eruption of the source CME. The solar magnetic connections could be transformed further by reconnections observed preferentially in the low-β plasma sheets of ICMEs (Phan et al. 2010 ).
SUMMARY
The estimation of magnetic field-line lengths is important for testing flux-rope models of MCs. The sole observational touchstone for modelers has long been the work of Larson et al. (1997) using the 3DP/Wind electron observations in a single MC. We have used the EPAM beamed NR electron events to extend the study of field-line lengths to other ICMEs by assuming that electron injections occur at the times of decametric type III bursts. This is an inversion of the previous technique of assuming a fixed 1.2 AU travel distance to deduce the solar-electron injection times. We find no difference of fieldline lengths between electron events in ICMEs and those of the ambient solar wind outside ICMEs. Furthermore, the field-line lengths in MCs show no differences from those of other ICMEs not showing full flux-rope magnetic signatures. The number of field-line rotations over the assumed ICME full length of 2.7 AU is estimated to be 1-10 turns, generally less than that required for most MC flux-rope model fits.
We compared source regions of NR electron events and the ICMEs in which they were detected. In five cases, three from the present study and two from a previous study, the solar NR electron injection regions were well separated spatially from those generating the ICMEs. These results support models of substantial reconnection between erupting CMEs and adjacent or overlying magnetic fields outside the source ARs.
The beamed EPAM NR electron events were classified on the basis of their intensity-time profiles as spike, pulse, and ramp. The inferred path lengths were statistically longer for the ramp events, consistent with a shock source (Haggerty & Roelof 2009) that would delay the solar injection relative to the decametric type III burst. Assuming that the spike and pulse electrons were injected at the decametric type III burst times, we compared their inferred field-line lengths with the distribution of fieldline lengths calculated for a turbulent spectrum and found good agreement.
